Abstract-
for further references). In [l] , NSD schemes for combined detection and decoding of coded linear modulations have been proposed, based on a Viterbi algorithm (VA) which searches a properly defined trellis diagram. These schemes are extremely robust t o oscillator instabilities, such as phase noise and time-varying frequency offsets, and do not require an acquisition period as in the case of coherent detectors based on PhaseLocked Loops (PLL). For these reasons, they appear very attractive for burst-mode transmissions typical of future generation wireless local loops, mobile to satellite and cellular mobile radio systems.
In this paper, noncoherent sequence detection is extended t o the case of Rayleigh or Rice frequency nonselective slowly fading channels. Two approaches are considered. First, the problem of noncoherent sequence detection under the assumption of perfect knowledge of the amplitude of the channel fading is faced. We refer to this case as detection in the presence of Channel State Information (CSI). Second, the detection problem in the absence of knowledge of the fading amplitude is addressed. Although in principle a statistical knowledge of the channel fading amplitude would be necessary, excellent approximations are derived which do not require any knowledge of the channel statistics. We refer t o this case as detection in the absence of CSI.
The proposed algorithms are very effective for Rayleigh or Rice fading and AWGN channels. Numerical results for multiamplitude modulation formats, such as 16-QAM, are provided. The proposed NSD receivers This work was supported by Minister0 deU'Universit8. e della Ricerca Scientifica e Tecnologica (MURST), Italy. exhibit minor energy losses with respect to ideal coher ent detectors. These schemes compare very favorably with previously proposed ones and, to our knowledge, are the only ones of practical significance.
SYSTEM MODEL AND BACKGROUND
An information sequence {U,,}, composed of independent and identically distributed symbols belonging to an M-ary alphabet, is mapped into a code sequence by means of some coding rule. We assume a burst-mode transmission with K code symbols per burst and denote with c = (CO, cl,. . . , C K -~)~ a column vector whose elements are the code symbols transmitted in a burst. The code sequence is further mapped by a modulator into a time-continuous signal s ( t , c) which is transmitted over a frequency nonselective fading channel, represented by a multiplicative complex random variable f (slow fading) modeled as Gaussian with mean qf and variance 0;. The transmitted signal also undergoes a phase rotation 8 modeled as a random variable with uniform distribution in the interval [ 0 , 2~) and independent of f. Although both f and 8 are assumed t o be constant during the transmission of each data burst, the approximation of memory truncation introduced here, as in [l], [2] , has the convenient feature of allowing us to remove the constant channel assumption and encompass time-varying models.
The choice of the value of qf allows us to take into account both Rayleigh (qf = 0) and Rice fading distributions, with a factor K R = 1qfI2/u;. The channel also introduces AWGN of complex envelope w ( t ) with independent real and imaginary components, each with two-sided power spectral density NO. Assuming ~f = 1 and U; = 0, we obtain the limit case of an AWGN channel. Assuming that signal s(t, c) is linearly modulated, it may be easily shown that sampling the output of a filter matched t o the shaping pulse, with one sample per signaling interval, yields a sufficient statistic for optimal detection of the information sequence.' In the absence of intersymbol interference, this sampled output may 
rKdet ( where {w,} are independent identically distributed complex noise samples with independent components, each with variance u2. In the following, the samples {x,} will be referred to as observations.
NSD WITH PERFECT CHANNEL STATE INFORMATION
We now assume.that the receiver has perfect CSI, 
Iv. NSD WITHOUT CHANNEL STATE INFORMATION
In this section, we derive the NSD receiver assuming absence of CSI, in the sense that the receiver has a statistical channel information only. Specifically, using polar coordinates to express the mean vf of the random variable f as r ] f = l~f Iej'f, we assume that the receiver knows the value 1r]f1, the fading variance a;, and the noise variance a2. In principle, an estimation of these parameters could be obtained from the observation of the preambles of a few consecutives bursts. However, it is shown in the following that in all significant cases an estimation of these parameters is not necessary.
Recalling (1), the conditional probability density
The following relation may also be easily verified
Substituting (6) and (7) into (3), averaging with respect to 6, after some tedious but straightforward manipulations we obtain the expression ofp(x1E). As intuitively expected, due to the noncoherent nature of the strategy, this probability density function is independent of Of. Therefore, the knowledge of this phase is irrelevant for the detection process. Ideal NSD corresponds to the maximization of the following metric where the expression x N y denotes that x and y are monotonically related quantities, y = a;!2a2 and Io(x) is the zeroth order modified Bessel function. Equation (8) 
B. Rayleigh fading channels
The branch metrics for a Rayleigh fading channel may be obtained letting (qfl = 0 in (9). Accordingly, we have .
As already mentioned, the receiver is based on a VA and needs knowledge of the parameters lqfl, g2, and g ; , which must be estimated. The branch metrics (9) are valid in the case of any linear modulation and any channel (Raylegh, Rice or AWGN). However, they may be significantly simplified in the following special cases.
A . Equal-energy signals
We now concentrate on the special case of equalenergy signals, such as PSK modulations in the absence of intersymbol interference. Discarding from (8) the terms which do not depend on the hypothetical code vector Z: and noting that the code symbols have now constant modulus, we have the following expression of the sequence metric Adding the term 1qfI2/y2 independent of 5, we have the following equivalent sequence metric t=O i=l The evaluation of this branch metric obviously requires knowledge of u2 and y (or, equivalent!y, u2 !and u;).
Since high values of signal-to;noise ratio are typical of Rayleigh fading channels, we may use the approximations u2 N 0 and l / y N 0, obtaining which is independent of the channel parameters. Simulation results show that the performance of a receiver based on (14) is equivalent to that. of ,the receiver based on (13), in which, u2 and u; are assumed perfectly known. Therefore, the approximation used in the derivation of (14) may be considered valid.
A surprising result is,that, in the case of a Rice fading channel, a receiver based on the-branch metrics (14)
General Conference ( : eq-(12) eq. (15) or (14) Equal-energy Non equal-energy which coincides with the result in [l] .
Surprisingly, simulation results show that the branch metrics (14) may also be used in this case with a minor energy loss of a fraction of dB with respect to the metrics (15).
D. Summary of NSD without CSI
In table I, the expression of the proposed branch metrics in each considered case are summarized. It is worth to note that in all cases a knowledge of channel statistics is not required.
v. NUMERICAL RESULTS
The performance of the proposed detection algorithms is assessed by means of computer simulations in The transmitter and receiver filters are assumed to have square-root raised-cosine frequency response with roll-off 0.5. Each burst is composed of a preamble and an information field of 100 symbols. CSI-based receivers use a preamble of 10 symbols. These known symbols are used to estimate the fading gain If1 using a simple method based on the sample mean. A more refined estimation may be conceived but, in the case of a slow fading channel, the used method gives a receiver performance equal to that achievable with a perfect knowledge of If I. For the receivers without CSI, a preamble of N -1 symbols is used. These symbols are necessary to initialize state and branch metrics of the VA. A postamble of 1 symbol for the receivers with S = 4 is present, in both cases of presence or absence of CSI, in order to correctly terminate the VA.
In the case of 16QAM, quadrant differential encoding, as described in [l], is used. The performance of the proposed receivers with S = 4 and N = 3 for Rice fading with KR = 10 dB and Rayleigh fading is shown in figures 1 and 2, respectively. The performance of an ideal coherent receiver, i.e., a receiver which perfectly knows the fading coefficient f and the channel phase 8, is also shown for comparison. It may be observed that the proposed receivers exhibit a moderate performance loss with respect to the ideal coherent detector and the receivers with and without CSI are practically equivalent.
The robustness of these receivers in the case of timevarying fading channels is also investigated. The fading Doppler spectrum is modeled as in isotropic scattering according to Clarke figures 1 and 2, we may conclude that the receivers which operate without CSI are more robust than those with CSI, whose performance rapidly degrades for increasing Doppler band. We emphasize that this is not due to the quality of the estimation but to the fact that the considered receivers do not employ a tracking subsystem in order to update the channel gain value.
In Fig. 3 , the performance of the proposed receiver without CSI, S = 4 and N = 3 is compared with that of the receivers proposed in [4] by Divsalar and Simon (D&S) in the case of differentially encoded 16-QAM and a Rayleigh fading channel. The proposed receiver performs better and does not exhibit an error floor which, on the contrary, characterizes the performance of the receivers in [4], even in the case of a slow fading channel. Finally, the behavior of the proposed detection schemes in the presence of phase noise is analyzed. To this purpose, the phase 8 of the received signal is modeled as a Wiener process. A phase noise incremental standard deviation up to 5 degrees-per symbol interval does not degrade significantly the performance of the proposed noncoherent receiver. It is worth to note that, unlike the proposed receivers, the PLL-based ones are affected by unavoidable losses of the lock-in condition within the data burst for high phase noise.
VI. CONCLUSIONS
Noncoherent sequence detection is establishing itself as an attractive alternative to coherent detection in applications where phase or frequency instabilities are significant and burst-mode transmissions. This paper extends noncoherent sequence detection to the case of slow fading channels. Very effective detection strategies have been presented which do not require any knowledge of channel statistics and achieve a performance close to that of ideal coherent detection for Rice fading with any factor (from AWGN to Rayleigh fading). Multiamplitude modulation formats, such as 16-QAM, have been explicitly considered. The proposed NSD schemes derived in the absence of CSI are fairly robust to time-varying fading as well as phase instabilities and are clearly more robust than NSD schemes derived under the assumption of perfect CSI. 
